A miniature n-type semiconductor gas sensor was fabricated successfully using zinc aluminum oxide nanowire array and applied to sense oxygen. The present study provided a novel method to produce zinc aluminum alloy nanowire 80 nm in diameter by the vacuum die casting technique and then obtain zinc aluminum oxide nanowire array using the thermal oxidation technique. The gas sensing properties were evaluated through the change of the sensitivity. The factors influencing the sensitivity of the gas sensor, such as the alloy composition, operating temperature, and oxygen concentration, were investigated further. Experimental results indicated that the maximum sensitivity could be acquired when the weight percentage of aluminum was 5% in zinc aluminum alloy at the operating temperature of 200 ∘ C.
Introduction
Oxygen gas monitors are widely used for employee and environmental safety. A rapid decrease of oxygen can make a very dangerous environment for employees and cause them to lose consciousness suddenly. Based on the fact mentioned, it is important to have an oxygen gas monitor for some special operating environments such as mines, pharmaceutical, semiconductor, and cryogenic supplier [1] [2] [3] [4] .
Metal oxide semiconductor sensors are most commonly utilized for the gas detection due to their low cost and flexibility in production [5, 6] . The detection principle of the conductive sensor is based on the change of the resistance of a semiconductor thin film upon the adsorption of gas molecules on the surface. The sensitivity of the thin film is strongly related to surface reaction. Some important factors influencing the surface reactions of gas sensors, such as chemical components, microstructures of sensing layers, temperature, and humidity, are investigated [7] [8] [9] [10] . Among those factors, the main approaches for increasing the gas sensitivity of the sensing materials are the size effects and doping by metal or other metal oxides [11] [12] [13] [14] .
Korotcenkov et al. [11] reported that the grain size effects in the sensor response of nanostructures SnO 2 and In 2 O 3 based thin film gas sensor and indicated the grain size can control almost all operating characteristics of solid state gas sensors such as sensor response, response times, recovery times, and stability and dependence on air humidity. However, the sensing mechanisms of the metal oxide gas sensors were too complicated to evaluate simply. The optimal grain size should be based on the detailed consideration of the parameters of sensors designed.
Chaudhari and his coworkers [14] reported the sensing characteristics of undoped and doped TiO 2 gas sensor and tried to improve the sensing properties of TiO 2 by addition of a small amount of various metal oxides, such as Al 2 O 3 . Their experimental results showed that TiO 2 sensor loaded with 5 wt.% Al 2 O 3 and 0.5 wt.% Pd would increase the sensitivity to H 2 S gas.
Since the gas sensing mechanism is a surface reaction, use of nanostructure materials is expected to improve gas sensing characteristics. The present study combined both approaches mentioned above to fabricate a miniature metal oxide nanowire array sensor and apply it to the environmental monitor responding to oxygen. In addition, this study was also focused on changes of sensitivity of the gas sensor caused by factors such as chemical components, working temperature, and oxygen concentration.
Experimental Procedure
In this study, the metal oxide semiconductor gas sensor was carried out with a zinc aluminum oxide nanowire array incorporating a high surface area and aspect ratio.
Zinc aluminum oxide nanowires were fabricated using anodic aluminum oxide (AAO) as a template. The experimental procedure could be divided into four parts. First of all, an anodic alumina nanomold was obtained by etching a pure aluminum sheet with a purity of 99.7 wt.% in 0.3 M oxalic acid solution. Two steps of anode treatments were applied to obtain more uniform nanopores in this experiment. The first step of the anode treatment was carried out at a voltage 40 V and a temperature of 25 ∘ C for one hour. Afterward, removing alumina thin film from the surface of aluminum sheet was performed in the mixture of 6% phosphoric acid solution and 2% chromic acid solution at a temperature of 60 ∘ C. The second step of the anode treatment was carried out in the same process conditions indicated in the first step for 6 hours. Finally, aluminum substrate was removed using copper chloride solution and then the anodic alumina nanomold with a pore diameter of 80 nm could be obtained.
The second part of the procedure was the fabrication of zinc aluminum alloy by the vacuum melting method. The high purity of zinc and aluminum scraps were mixed and placed in a quartz glass tube. In order to prevent metal from oxidation during melting, the vacuum was extracted using a molecular turbo pump and kept at 3 × 10 −6 torr. Then, the glass tube was placed in a furnace and the temperature was increased to 750 ∘ C for several minutes until all metal smelted and mixed well. After cooling, zinc aluminum alloy was obtained. More detailed process of the vacuum melting was described in our previous study [15, 16] . In this study, 3 zinc aluminum alloys with the different aluminum contents, 2%, 5%, and 10%, were prepared as listed in Table 1 .
Furthermore, zinc aluminum alloy nanowire array was produced using thehigh vacuum die casting technique. A piece of zinc aluminum alloy and an alumina template were placed inside the chamber in which the vacuum pressure was maintained at 10 −6 torr. After the chamber was heated to 750 ∘ C, a hydraulic force was applied to the molten zinc aluminum alloy. During casting, the molten alloy was injected into the anodic alumina nanomold forming alloy nanowire array. The force required to introduce molten alloy into the nanomold is proportional to the surface tension of the melt. The surface tension of the molten zinc at 750 ∘ C is 719.7 dyne/cm and the surface tension of the molten aluminum at 750 ∘ C is 857.05 dyne/cm [17] . Therefore, the surface tension of the molten zinc aluminum alloy at 750 ∘ C can be calculated based on the alloy components. Additionally, the pressure for the molten metal injection into nanomold can be evaluated as follows [18] :
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Resistance (Ohm) The effect of aluminum content on the resistance of zinc aluminum oxide gas sensor upon exposure to the various concentrations of oxygen at an operating temperature of 100 ∘ C. = / = −(2 cos )/ , where is the normal force, is the area of the nanomold, is the radius of the nanochannel, is the surface tension of the molten zinc aluminum alloy, and is the contact angle between the melt and the porous alumina membrane. Therefore, the forces required to inject the 3 molten zinc aluminum alloys into nanomolds are listed in Table 1 . Solidification proceeded using a water cooling method at the bottom of the chamber. Zinc aluminum nanowire array was formed after cooling to room temperature. Finally, zinc aluminum oxide nanowire Figure 4 : The effect of aluminum content on the resistance of zinc aluminum oxide gas sensor upon exposure to the various concentrations of oxygen at an operating temperature of 150 ∘ C. array was fabricated through a thermal oxidation process. The nanowire array was put into an air furnace and a heat treatment at 250 ∘ C for 48 hours was applied to make all the metal become metal oxide by reacting with oxygen and then zinc aluminum oxide nanowire array could be obtained. Cu thin film was deposited at the top and bottom surface of zinc aluminum oxide nanowires array as the conductive layer of the gas sensor by vapor deposition technique. After that, aluminum oxide surrounding the nanowires was removed using sodium hydroxide solution. Figure 1 was the schematic diagram of zinc aluminum oxide nanowire array gas sensor produced in the present study.
The morphologies of the anodic alumina nanomold and zinc aluminum nanowire array were observed by scanning electron microscope. The gas sensing characteristics of zinc 
Resistance (Ohm) aluminum oxide gas sensor were measured by the selfdesigned gas sensor test system.
Results and Discussion
An anodic alumina nanomold was produced by etching a pure aluminum sheet with a purity of 99.7 wt.% in 0.3 M oxalic acid solution for 6 hours. Figure 2 (a) provided SEM image of the anodic aluminum nanomold with the pore diameter of 80 nm and an ordered and uniform array. The morphology of zinc aluminum nanowire array could be observed in Figure 2 (b). The composition of zinc aluminum alloy prepared by the vacuum melting method was detected by EDX analysis and presented in Table 2 . The results were consistent with the design of the three zinc aluminum alloys. Zinc oxide is a typical n-type semiconductor gas sensing material with direct band gap of about 3.37 eV at room temperature [19] . An n-type semiconductor material means that the majority of charge carriers are electrons, and an increase in conductivity occurs when the material interacts with a reducing gas. Conversely, reacting with an oxidizing gas would cause a decrease in conductivity. In this study, four nanowire array gas sensors (ZnO, ZnAlO 1, ZnAlO 2, and ZnAlO 3) were tested for the gas sensing properties and similar results were obtained as shown in Figures 3, 4 , and 5. Figures 3-5 showed the time dependence of resistance of zinc aluminum oxide gas sensor on exposure to different concentrations of oxygen, 5%, 10%, 15%, and 20%. When oxygen was introduced into the measurement system, the resistance of zinc aluminum oxide gas sensor increased obviously. Based on the measurement results, zinc aluminum oxide nanowire array fabricated in this work had the same behavior as an n-type semiconductor. Besides, ZnAlO 2 had the better sensing properties, such as the change of the resistance after introduction of oxygen, the response time, and the recovery time, than other zinc aluminum oxide materials (ZnAlO 1 and ZnAlO 3) and zinc oxide.
Sensitivity ( ), an important parameter of gas sensors, can be defined as the ratio of the absolute difference between the stabilized resistances of gas sensors in the target gas and in the reference gas to the resistance in the reference gas, usually the dry air: = | air − gas |/ air [20] . gas stands for the resistance of the gas sensor in the target gas and air means the resistance of the gas sensor in air. Sensitivities of four gas sensors on exposure to the same concentration of oxygen (20%) at various operating temperatures were shown in Figure 6 . The results indicated that the sensitivity was highly correlated with the operating temperature and all gas sensors had the same tendency. The response of gas sensors to oxygen gas would be better at the higher operating temperature. It could also be seen that sensitivity of ZnAlO 2 gas sensor was significantly higher than those of the other three gas sensors. Furthermore, the effect of exposure to different concentrations of oxygen for ZnAlO 2 gas sensor was shown in Figure 7 . The sensitivity of the gas sensor to oxygen increased with the concentration of oxygen.
Conclusions
A miniature n-type semiconductor gas sensor provided in this study was performed with the zinc aluminum oxide nanowire array. Using the vacuum die casting and thermal oxidation technique, zinc aluminum oxide nanowire whose diameter was 80 nm could be fabricated; moreover, the order, uniform, and large area of nanowire array was very suitable for the device manufacture. The gas sensing properties responding to oxygen of the zinc aluminum oxide gas sensor were investigated. According to the results of the gas sensing characteristics measurement, zinc aluminum oxide nanowire array prepared from the zinc aluminum alloy consisting of 94.96 wt.% zinc and 5.04 wt.% aluminum had the optimum sensing properties. The sensitivity of the zinc aluminum oxide gas sensor increased with the operating temperature or the introduced oxygen concentration
